Introduction
Signaling between endothelial cells, as well as signaling to bone marrow-residing endothelial progenitor cells and stromal cells [1] [2] [3] , depends both on intercellular contact and exchange of secretory proteins 4;5 . Additionally, endothelial cells have been demonstrated to secrete exosomes, and capture exosomes from various cell types [6] [7] [8] [9] .
Transfer of signaling molecules by exosomes may thus provide a third way to regulate endothelial function 9;10 . Exosomes, small vesicles secreted by a multitude of cell types, have gained much attention for their role in intercellular communication 11;12 , mediating immune signalling 13;14 , tumor survival 15;16 , stress responses 17;18 and angiogenesis 9;10;19;20 . The ability of exosomes to incorporate and transfer functional RNA suggests that exosomes influence the physiological phenotype of recipient cells by introducing mRNAs encoding 'acquired' proteins 10;20 or through delivery of miRNAs that repress 'resident' mRNA translation [21] [22] [23] .
Several miRNAs have been demonstrated to affect endothelial function and angiogenesis 24;25 , and exosomal transfer of such miRNAs may thus be instrumental for exosomes to elicit their effects on endothelial cells. One miRNA that has been identified in angiogenesis-stimulating tumor exosomes, potentially representing a miRNA important in the angiogenesis-stimulating properties of these exosomes, is miR-214 [26] [27] [28] . Here we demonstrate that endothelial cells secrete miR-214-enriched exosomes which promote endothelial cell migration and angiogenesis in vitro and in vivo. These exosomes represses expression of Ataxia Telangiectasia Mutated (ATM) in recipient cells in a miR-214-dependent manner, thereby avoiding senescence and allowing the stimulation of blood vessel formation.
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Materials and methods
Cell culture
HMEC-1 29 cells (CDC; Atlanta, GA, USA) were maintained up to passage 27 at 37°C, 5% CO 2 in MCDB131 medium (Life Technologies, Grand Island, NY, USA)
containing 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 50 nM
Hydrocortisone, and 10 mM L-Glutamine. Exosome-free medium was prepared using FCS centrifuged for at least 1 hr at 200,000xg followed by filter-sterilization (0.20 µm).
Exosome isolation
Exosomes were collected by differential centrifugation 30 . Briefly, cells were grown to sub-confluency (approximately 80%) before culturing in exosome-free medium for 24
hrs. Then, culture medium was centrifuged subsequently for 15 min at 1,500xg, 30 min at 10,000xg, and 60 min at 100,000xg. Peletted exosomes were resuspended in basal medium, pelleted again and finally resuspended in appropriate medium.
Exosomes from 1x10 6 cells were resuspended in 150 μ l medium.
Sucrose gradient analysis
Exosomes were resuspended in 250 µl 2.5M sucrose, 20 mM TRIS HCl pH 7. For personal use only. on . by guest www.bloodjournal.org From
Immunoblotting
Exosome samples were diluted 1:1 in Exosome Sample Buffer (5% SDS, 9M urea, 10 mM EDTA, 120 mM Tris-HCl, pH 6.8, 2.5% beta-mercaptoethanol) and heated (95ºC, 5 min). After SDS-PAGE, proteins were blotted onto immobilon polyvinyl membranes (P.V.D.F.; Millipore, Bedford, NY, USA), blocked for 1 hr with 5% non-fat dried milk (ELK; Campina, Amersfoort, The Netherlands) in TBS-Tween (TBS, 0.2%(v/v) Tween-20) and incubated with rabbit-anti-Flottilin-1 (1:500; Santa Cruz Biotechnologies, Santa Cruz, CA, USA), goat-anti-PECAM-1 (1:1,000; Santa Cruz Biotechnologies) mouse-anti-ATM (1:500, Santa Cruz Biotechnologies), or mouseanti-β-actin (1:20,000; Sigma) in TBS-T with 5% NFDM. As secondary antibodies 1:2,000 diluted affinity-purified swine-anti-rabbit, rabbit-anti-mouse, or donkey-antigoat coupled to horseradish peroxidase (Dako, Glostrup, Denmark) were used.
Antigen-antibody reactions were visualized with enhanced chemiluminescence according to manufacturer's guidelines (Chemiluminescent Peoxidase Substrate, Sigma) and imaged using a GelDoc XR+ system (Bio-Rad, Hercules, CA, USA).
Electron microscopy
Transmission electron microscopy was performed as described 31 . Briefly, carboncoated Formvar filmed grids were placed on 5 μ l exosome suspension for 20 min and washed three times with 0.15% glycin in PBS, and once with 0.1% BSA in PBS.
Vesicles were fixed in 1% glutaraldehyde in PBS for 5 min and washed twice with PBS. After washing with distilled water, grids were placed on a drop of ice-cold 1.8% 
Exosome labelling
Exosomes were labelled with PKH67 (Sigma) as described 21 . Exosomes from 150 million cells were resuspended in 180 µl PBS with 20 µl of 1:50 diluted PKH67 (in Diluent C). After 3 min incubation at RT, 3.8 ml exosome-free medium was added to terminate the labelling reaction and exosomes were harvested and washed twice with PBS by centrifugation (100,000xg for 1 hr). Exosomes were resuspended in 9.6 ml basal medium, and 250 μ l was added to a subconfluent layer of HMEC cells and incubated for 2 hrs at 37ºC. Cells were washed twice with PBS, fixed with 4% paraformaldehyde in PBS for 30 min at RT and stained with DAPI. After embedding (Vectashield, Vector Labs, Burlingame, CA, USA), cells were analyzed using an Olympus CX60 microscope (Olympus, Tokyo, Japan).
Matrigel angiogenesis assay
Angiogenic capacity of HMEC-1 cells was tested by seeding 10,000 cells (in 10 µl basal medium) onto 10 µl solidified Matrigel (ECMatrix, Millipore) in an Angiogenesis µ-slide (Ibidi). Fifty µl of test medium (with/without exosomes) was added, following incubation at 37°C for 18 hrs. Images were recorded using an Olympus CX60 microscope, converted to black-and-white and analyzed using Angioquant software 32 .
Tube length increase (relative to basal medium) was regarded a measure for angiogenesis.
Migration assay
EC migration was assessed by scratching a confluent layer of HMEC-1 cells in a 24-well plate using a 20-200 µl pipette tip. Loose cells were removed by a PBS wash
For personal use only. on . by guest www.bloodjournal.org From and 200 µl test medium (with/without exosomes) was added followed by incubation at 37°C. Images were recorded at t=0 and t=6 hrs, after which wound area reduction was determined using ImageProPlus software (version 3.0.00.00, Media Cybernetics).
Sprouting assay
Angiogenic sprouting was determined by seeding HMEC-1 cells onto Cytodex beads (Sigma), and embedding them in a 1:1:4 mixture of basal medium:test medium:growth factor-reduced-matrigel (Becton Dickinson, Franklin Lake, NJ, USA).
Solidified gels were overlaid with basal medium and incubated at 37ºC, 5% CO 2 for 72 hrs. Images were recorded and sprout lengths were determined using angioquant software.
Transfections
Anti-, pre-miR-214 and non-targeting control RNAs (Life Technologies) were transfected with siPORT NeoFX (Life Technologies) using 100 nM oligonucleotide concentrations according to manufacturer's guidelines. After 16 hrs, medium was refreshed. After 72 hrs, cells were passaged and exosomes were harvested another 72 hrs later. ATM and control siRNA (Promega) transfections were performed using 50 nM oligos at t=0 in migration assays. Knock-down at t=6 was confirmed by qRT-PCR.
Quantitative PCR
Total RNA was isolated using the MirVana RNA Isolation Kit (Ambion). MiR-214 and RNU19 levels were determined using TaqMan MiRNA Assays (Life Technologies) by 33 , and relative CD31+ cell amounts were determined by counting of CD31 positive cells in at least 1,000 DAPIstained nuclei. Blood vessel surfaces were determined by measuring surfaces of red blood cell-containing areas in HE-stained sections. All analyses were performed using ImageJ. All animal experiments were approved by and performed in accordance to the guidelines of the Utrecht University Internal Review Board.
Gene expression analysis
Total RNA was isolated after migration assays (t=6 hrs) using the MirVana RNA isolation kit (Ambion) and quantified using a ND1000 spectrophotometer (Nanodrop Technologies). RNA integrity was assessed using Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and RNA 6000 Nano LabChip kit, accepting RNA integrity numbers of >9.0. Samples were labelled using the Agilent Low RNA Input Linear Amplification Kit Plus (5188-5340) according to manufacturer's guidelines. Briefly, For personal use only. on . by guest www.bloodjournal.org From 11 500 ng RNA was amplified, reverse transcribed using T7-polymerase and labelled with Cy3 or Cy5. Dye incorporation was measured using a ND1000 spectrophotometer. Subsequently, cRNA was hybridized using the Agilent Gene Expression Hybridization Kit. Cy3 and Cy5 labelled cRNA were mixed 1:1 (825 ng each), fragmented (60°C, 30 min) and hybridized on Agilent Hybridization Chamber Gasket Slides (G2534-60011) while rotating (65°C, 17 hrs). Slides were scanned using a Microarray Scanner (Agilent) (accession number: GSE45375). Image analysis was performed using feature extraction software version 9.5 (Agilent), applying the GE2-v5_95 protocol with default settings. Data pre-processing and analysis was performed using the R-Bioconductor package Limma 34 , using robust
Edwards background correction. Within-array and between-array normalization was performed using loess and scale standardization. Significantly differentially expressed transcripts (p<0.05) from recipient anti-miR-214 and recipient control-miR-214 cells compared to control-miR-214-cells were selected.
Gene ontology and Pathway enrichment analysis
Gene Ontology Term-for-Term analysis was performed using Ontologizer 35 . P-values for significant overrepresentation of Gene ontology terms in identified gene sets as compared to human genes was calculated using a modified Fisher exact test (onetailed) applying Benjamini-Hochberg multiple testing correction, with the significance threshold at p=0.05.
Senescence assay
Sub-confluent layers of HMEC-1 were incubated with 100 µl medium with or without exosomes. After 6 hrs, cells were fixed and stained using the senescence cells Buffer; Promega), and luciferase activity was measured using a luminometer (Lumat LB9507; EG&G Berthold).
Statistics
Data were normalized to means of each experiment with the reference condition set at 1. Normal distribution was tested using the Shapiro-Wilk test and statistical significance was determined using (paired) Student's t-test or analysis of variance (ANOVA) with Student-Newman-Keuls posthoc correction where appropriate. Alpha for all tests was 0.05, all values are expressed as mean +/-SD. Blood vessel surfaces were 10 log transformed to obtain a Gaussian distribution.
Results
Endothelial cells produce migration-and angiogenesis-stimulating exosomes
As a physiologically relevant in vitro model system we used human microvascular endothelial cells (HMEC-1 29 ). Established cultures received fresh medium, from which, after 24 hrs of culture, exosomes were isolated using a well-established differential centrifugation scheme 30 . When pelleted vesicles were floated into sucrose density gradients, the endothelial marker protein CD31/PECAM-1 co-migrated with the exosomal marker flotillin-1 to a density of approximately 1.11 g/ml ( Figure 1A ), characteristic for exosomes (1.09-1.18 g/ml) 12 .
Transmission electron microscopy analysis showed vesicle diameters around 120 nm, consistent with our previous NTA analysis 37 , and a cup-shape like appearance, typical for exosomes in such analyses ( Figure 1B ). The capacity of endothelial exosomes to be transferred to recipient endothelial cells was studied examining the uptake of isolated exosomes labelled with the green fluorescent dye PKH67. After 2 hrs, allowing sufficient exosome uptake, a prerequisite for subsequent RNA transfer 10;21 , recipient cells were washed to remove unbound exosomes, fixed and DNA was stained using DAPI.
Fluorescence microscopy analysis demonstrated that PKH67-label had been taken up and was transferred to perinuclear compartments, presumably representative of late endocytic compartments ( Figure 1C ).
The functional relevance of exosome transfer between endothelial cells was investigated in a scratch wound migration assay ( Figure 2A ). Migration in basal medium (MCDB-131 without FCS, hydrocortisone and hEGF) was set at 1 ( Figure   2B , basal). Migration increased 2.5 fold when conditioned medium -medium exposed to an established HMEC-1 culture for 24 hrs-was used (cond, comp). Migration was
For personal use only. on October 22, 2017. by guest www.bloodjournal.org From slightly but significantly impaired when the conditioned medium was depleted from exosomes by ultracentrifugation (cond, depl). Re-addition of isolated exosomes to exosome-depleted conditioned medium fully restored cell migration (cond, re-add).
This stimulating effect was enhanced further by adding exosomes at a 10-fold higher concentration (cond,10x). Cell migration could also be stimulated 1.5 fold by isolated exosomes resuspended in basal medium (basal,+).
To investigate the effect of exosomes on angiogenic tubule formation, HMECs were seeded on a Matrigel substratum and incubated with either basal medium, conditioned medium or basal medium supplemented with isolated exosomes. After 
Depletion of miR-214 reduces functional effects in recipient cells
Recent studies indicate that besides proteins and lipids, also functional RNAs are Figure S1C ), whereas the relative amount of miRNAs was markedly higher in exosomes (38.75+/-4.57% vs. 7.25+/-4.65%; Supplementary   Information, Figure S1D ). qRT-PCR analysis showed a 3-fold higher abundance of miR-214 in endothelial exosomes compared to cells (normalized to RNu19; Figure   3C ), and ~6-to-8-fold higher when normalized to the common mRNA housekeeping genes p0 (5.95-fold, p=0.012), β -Actin (6.14-fold, p=0.017), and GAPDH (7.68-fold, p=0.0495). Analysis of sucrose gradient fractions confirmed that at least 92%
(fractions e-j) of the miR-214 in the 100,000xg pellet is associated with exosomes, and not with membrane-free high molecular weight complexes ( Figure 3D ,E). To investigate whether miR-214 is involved in the observed in vitro effects of endothelial exosomes, we reduced miR-214 levels by transfecting cells with modified singlestrand RNA molecules that specifically bind and reduce miR-214 (anti-miR-214; Figure 3F 
Suppression of cell cycle arrest by control-miR-214 exosomes allows stimulation of blood vessel formation in vivo
As the mature mouse mmu-miR-214 and human hsa-miR-214 are identical, we could study the effects of control-miR-214-and anti-miR-214-exosomes in vivo using a Matrigel plug assay in mice. Matrigel was mixed with vehicle (PBS), controlmiR-214-or anti-miR-214-exosomes and subsequently grafted subcutaneously in mice. Plugs were excised after 2 weeks to determine infiltration of endothelial cells and formation of functional blood vessels as described by others Previous studies showed that non-endothelial exosomes can stimulate angiogenesis 10;19 . Also, miR-214 has been previously shown to affect proliferation and differentiation of myoblasts and T-cells 46;47 and ginsenoside-Rg1-induced angiogenesis 45 . Furthermore, our findings agree with the observed role for miR-214 in the stimulation of migration of melanoma cells 46 and neurons 48 , and the prevention of cell cycle arrest and apoptosis in cardiomyocytes 49 . MiR-214 appeared downregulated in endothelial cells exposed to hypoxia or TNF-α ( Supplementary   Information, figure S2H ), however it remains to be investigated whether this is reflected in exosomes. Furthermore, the effects on exosome mRNA and protein Images were recorded at RT on an Olympus CX60 microscope using an Olympus UPlan Fl 20x/0.05 objective lens which was coupled to an Olympus DP71 camera operated using CellP software. Brightness was enhanced using Adobe Photoshop software. Images were recorded at RT on an Olympus CX60 microscope using an Olympus UPlan Fl 20x/0.05 objective lens which was coupled to an Olympus DP71 camera operated using CellP software. Brightness of fluorescent images was enhanced using Adobe Photoshop software. 
